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Table VI.5-1 The area available for locating the cryopumps is ~ 85 
Source Species Atoms /Shot Total (atoms/shot ) | o zation factor for back to back pumps is ~ 85%. The total p 
Target Injector D 2.83 x 1020 (using 5 2£/s cm for Do» Ta and 2 2/s cme for He) are then: 
Unburned Fuel D 3.4 x 1020 6.23 x 1020 
Unburned Fuel T 3.4 x 1020 5p,T, = 3.6 x 10° R/s 
Newly Bred T 1.76 x 1020 5.16 x 1020 
DT Reaction He 1.4 x 10% Sie = 1.44 x 10° L/S . 
T, Breeding He 1.76 x 1029 
To Decay He 1.9 x 1011 3.16 x 1029 The effective pumping speed is obtained from: 

1 l 1 


pa. qee 
3 i eff. Sp duct 
where Cduct is the conductance of the duct in cm’/sec, L the length in cm, A 


the cross-sectional area in cm”, U the perimeter in cm, M the molecular weight i where Sp is the pump speed and Cduct the conductance of the 





in gms., R the gas constant (8.3 x 10/ ergs/mole) and T the temperature in effective pumping speed is then: 





degrees Kelvin. 


For the given duct area of 65 x 120 cm”, L = 450 cm, M = 5 for DzTa and Seg, Da To = 1.3 x 10° a/s 


taking T = 673 K we get: 
Sage, He = 8.7 x 10° s/s . 


7 


C. . =6.6x 10) cm°/sec = 6.6 x 10° £/s . 


duct 


NO 
Nn 


° Ie Using the throughputs obtained earlier, the equilibriu 


I 


ll 


For 30 ducts the conductance is: | non-condensable species in the cavity at 400°C are: 


= 1.5 x 107” tor 





— i 4 i T Co 1 = 2x 10° 2/5 Po — e (108+89) torr £/s 
| | | | 2'9 | ze - LORIS MN 
6 | 


NO 
O 


= 110 torr £/S > 1.3 x 1074 


torr . 
8.7 x 10° 2/s 





7 6 
Cle = 22x 10° 2/s . * 


MICROCOPY RESOLUTION TEST CHARI 
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mé and the utili- 
umping speeds The equivalent pressure rise/shot at 400°C consistent with a cavity VI.5.4 Effect of Cavity Atmosphere on the Beam Lines Although the problem of PbLi vapor in the beam line needs a more rigorous VI.6 Flow Characteristics 
. volume of 900 m is 4.4 x 107° torr for DoTo and 2.5 x 1075 torr for He. The The beam lines’ interface with the reactor cavity presents some unique analysis before it can be put to rest, for the present we will assume that the | The coolant and breeding material in HIBALL is Li,7Pbg3. This material 
| AA E E R problems to the beam line vacuum system. Because the pressure in the cavity rotating shutters will not be needed. 7 is chosen for its hign breeding potential, low tritium inventory and inertness 
' > | during operation never gets below 107% torr, it represents a continuous gas The non-condensable species, however, will not condense on the beam line : | with water.(1) The coolant in HIBALL also serves a unique function, that of | 
4 = Ln p, load which is admitted into the beam lines. Beam stripping and charge walls but will proceed further into the beam lines. The conductance of a beam i ' protection of the first structural surface from X-ray bombardment. It is 
exchange problems require that the beam line pressure be on the order of 107? line for D>, Tp and He at 673 K is estimated at ~ 2.8 x 10° 2/s which gives ¿ critical, therefore, that Li,7Pbgz will form a continuous layer of fiim out- 
| AI NA MA A torr. The storage rings themselves operate at vacuum on the order of 10710 rise to a throughput of ~ 2.8 x 107? torr e/s. For this gas load to be pumped | side the coolant tubes. One of the reasons for using braided SiC coolant 
ee EEE PE O OE — at 1079 torr requires a cryopump system with a capacity of 2.8 x 10° 2/s, tubes is that there is enough open space in between the SiC fibers so that 
For both D2, Tp and He, it is found that the time needed to reach equilibrium In the early stages of the study we had proposed rotating shutters in the namely ~ 5.6 m of cryosurface for each beam line. Differential pumping = Li¿yPbgz can weep out to form this protection layer. This protection layer 
| A AM A oe OS beam ports in order to minimize the influx of PbLi vapor into the beam lines. downstream from the main beam line pumping station will quickly reduce the has to be regenerated after each shot. Since this layer is directly exposed 
the chamber with respect to the non-condensable species, a repetition rate of The chief concerns were the accumulation of PbLi on the beam ducts amounting pressure to the prescribed value of 107? torr and lower. | to the cavity, the meta alle eenporetere is determined by the allow- | 
ducts. The 5 Hz is reasonable. to ~ 30 tonnes/day for the 20 beams, and the migration of the vapor deep into The main beam line pumping station will be located between the second and | able vapor pressure in the cavity. | 
| VI.5.3 Effect of PbLi Vapor on the Vacuum Ducts the beam line system due to viscous effects. We have been reassessing this third focusing quadrupoles, where a distance of 2 m was allowed for this pur- | | The heat transfer problem for the coolant tubes directly exposed to the | 
A e IA problem all along and have concluded that shutters may not be needed. There pose. We envisage the same kind of back to back cryopumps proposed for the plasma is completely different from those in the back. The front tubes are 
tained at 400°C. At this temperature, the surfaces are essentially black to are two complimentary developments which have led to this conclusion; they cavity vacuum system to be used in the beam lines as well. subjected to a large surface heat load and, therefore, require a large heat 
PbLi vapor, and will condense it immediately upon contact. There will not be are: transfer coefficient. Therefore, a high velocity is required. The back tubes 
a boundary layer developed and the vapor will obey molecular flow conditions. 7 l. If the beam duct wall temperature can be careful ly controlled such that | References for Section VI.5 are only subjected to energy deposited by neutrons and, therefore, the heat is 
For this reason we feel that all the PbLi vapor which enters the vacuum ducts the condensed vapor runs off in liquid form and is returned to the cavity, . l. B. Badger et al., "NUWMAK - A Tokamak Reactor Design Study," UWFDM-330, deposited in the coolant. A low velocity is preferred here to increase the 
i : Fusion Engineering Program, Nuclear Engineering Dept., University of 
n pressures of the will be condensed before it reaches the cryopumps. Since it will be main- then accumulation ceases to be a problem. i Wisconsin, Madison, March 1979. coolant temperature rise and thus reduce the coolant mass flow rate. One of 
tained molten, the PbLi will be returned to the cavity and will rejoin the | 2. With a sticking coefficient of unity on the beam duct walls, the vapor 2. B. Badger et al., "WITAMIR-I, A University of Wisconsin Tandem Mirror the major objectives of the INPORT tubes is to reduce the flow rate so that 
Reactor Design," UWFDM-400, Fusion Engineering Program, Nuclear 
bulk of the breeding material. The surfaces in the vicinity of the cryopumps does not develop a boundary layer and there are no viscous effects from Engineering Dept., University of Wisconsin, Madison, Sept. 1980. the coolant pumping power can be reduced. 
e ? will be cooled to ~ 70 K with liquid No and they will certainly cryotrap any | 0 the walls. By using molecular flow theory, it is evident that the expand- A 3. ree [ — High Vacuum Engineering," Reinhold Publishing The coolant flow pattern, the heat transfer considerations and the stress 
itinerant PbLi molecules before they can contaminate the hydrogen and helium ing vapor which enters the beam port is immediately condensed on the f i ; l effect due to the sudden neutron deposition is discussed in this section. The 
pumping surfaces. Since we feel this quantity of frozen PbLi will be very walls. It can be shown that the pressure can fall two orders of magnitude | first wall protection from the X-ray deposition, the condensation, and re- 
small, a periodic regeneration, perhaps every 6 months, will be adequate to per meter of beam line if the narrow dimension of the line is < 40 cm. | | evaporation of the protection layer is discussed in section VI.4. The im- 


prevent excessive buildup. portant thermal-hydraulic parameters for HIBALL are summarized in Table VI.6-1. 
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Table VI.6-1 Thermal Hydraulic Parameters for HIBALL 
(For One Cavity) 





Structural Material HT-9, SiC 
Coolant and Breeding Material Li; 7Pbg3 
Total Thermal Power 2538 MW 
Coolant Inlet Temperature 338°C 
Coolant Exit Temperature 500°C 
Maximum First Surface Temperature 500°C 
Maximum First Surface Coolant Temperature 400°C 
Maximum Structural Temperature 530°C 
Maximum Coolant Velocity 7.5 m/sec 
Coolant Flow Rate 3.38 x 10% kg/hr 
Total Coolant Pressure Drop 2.0 MPa 
Coolant Pumping Dower Required 19 MW 
Maximum Blanket Coolant Pressure .07 MPa 
Shield Coolant Water 
Coolant Temperature 45 ~ 60°C 
Coolant Flow Rate 3.6 x 10° kg/hr 
Maximum Shield Temperature 60°C 
Estimated Steam Generator Surface Area 1.3 x 104 m? 
Estimated Steam Condition 

Temperature 482°C 

Pressure 15.5 MPa 

Flow Rate 4.5 x 10° kg/hr 
Gross Thermal Efficiency 42 


VI.6.1 Coolant Flow Pattern 





The coolant flow pattern is shown in Fig. VI.6-1 with the upper blanket 
design shown in Fig. VI.6-2. The coolant enters the reactor at 330°C. A 
fraction of the coolant will cool the top blanket and exit from the top 
blanket at 400°C. This coolant will enter the back section of the tube region 
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and exit from the tube region with a temperature of 500°C. Another fraction 


of the coolant will cool the row of tubes facing the plasma, then exit from 


the tube region with a temperature of 400°C. This coolant will be heating the 


bottom part of the cavity and exit from the reactor also at 500°C. The maxi- 
mum coolant temperature at the first surface is 400°C. 

The basic design philosophy in the coolant flow pattern is to insure a 
uniform coolant exit temperature. The maximum allowable structural tempera- 
ture is estimated to be 530°C, and the coolant exit temperature should be as 
close to this temperature as possible so that a high thermal conversion effi- 
ciency can be insured. The coolant entrance temperature is a compromise be- 
tween the power cycle requirement and the coolant freezing temperature coii- 
sideration. The 170°C coolant temperature rise is large enough to insure a 
reasonable coolant flow rate. 


VI.6.2 First Surface Heat Transfer Considerations 





The first surface of a D-T fusion reactor receives ~ 20% of the total 
energy in various forms. This heat is deposited in the form of surface ener- 
gy. A severe heat transfer problem exists in this area. In an inertially 
confined system, the surface energy will be deposited in a pulsed form and may 
cause excessive ablation problems. The non-uniform heat deposition on the 
first surface and it: associated problems are discussed in section VI.4. In 
this section, the heat transfer problem on a time average basis is discussed. 

The restrictions and conditions of the first surface of HIBALL are: 

1. The maximum time average surface heating load is 172 W/cm?. 

2. Maximum temperature on the surface of the coolant tubes is 500°C due to 
vapor pressure considerations. 

3. Maximum coolant velocity is 7.5 m/sec due to erosion considerations. 


The exit coolant temperature has to be maximized under these limitations. 





The energy deposited on the 
categories, that of volumetric he 
energy deposition is caused by ne 
is caused by X-rays, debris and ¿ 
geometry, the energy deposition 1 
is shown in Fig. VI.6-3. The ma 
very large. This surface heatin: 
protection layer, the tube wall : 
temperature drops has to be smal 

The velocity required in th 
balance as shown in Fig. VI.6-4. 
degradation of coolant temperatu 
the first tubes as small as poss 
increases with decreasing coolan 
keep a velocity < 7.5 m/sec, a € 
ture rise of 70°C are required. 

The surface temperature of 
function of combined thickness í 
maximum allowable temperature or 
are shown in Fig. VI.6-5. The 1 
of the cylinder due to the maxi 

VI.6-5. It is clear that the t 
exceeding the maximum allowable 


the first tube coolant paramete 
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first coolant tubes can be divided into two 

ating and surface heating. The volumetric 

utrons, while the surface energy deposition 

Ipha particles. Because of the cylindrical 

s a function of distance from the center and 

imum surface heating is 172 W/cm?, which is 

y rate will cause temperature drops across the 

snd coolant boundary layer. The sum of these 
enough to keep Trax < 500°C. 

> first tubes can be calculatd by an energy 
To ensure good heat transfer and a minimum 

re, it is necessary to keep the diameter of 

ible. The required coolant velocity, however, 

t tube size and coolant temperature rise. To 


oolant tube ID of 3 cm and a coolant tempera- 


the first coolant tube can be calculated as a 


yf Li,7Pbe3 film and coolant tube wall. The 


the surface is 500°C. The calculated results 


aximun temperature occurs at the middle point 
um surface heat deposition, as shown in Fig. 


otal wall thickness has to be < 1.5 mm without 


surface temperature. This calculation defines 


rs, as listed in Table VI.6-2. 
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Energy Deposition Along the First Coolant Tube 
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Fig. VI.6-5 First Surface Temperature as a Function of First 
Surface Thickness and Coolant Temperature Rise 
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System Parameters for First Flow of Coolant Tubes 





Tube I.D. 


3 cm 
Total Tube Wall Thickness (including L177PDg3 layer) 1.5 mm 
Maximum Surface Heat Flux 17.2 W/cm? 
Maximum Volumetric Heat Deposition 25 W/cm? 
Coolant Tube I.D. 3 cm 
Coolant Tube Thickness (including L177Pbg3 layer) 1.5 mm 
Coolant Velocity 7.5 m/sec 
Maximum Surface Temperature 500°C 
Minimum Surface Temperature 380°C 
Maximum Vapor Pressure of Li, 7Pbe3 107° Torr 


V1.6.3 Effect of Expansion Due to Sudden Nuclear Energy Deposition 





A unique phenomena in an inertially confined system is caused by the 
Sudden deposition of energy. The rapid thermal expansion caused by the temper - 
ature rise will send a shock wave outward. If a tube with a radius of r is 
Subjected to a temperature rise of AT, the radius change can be written as 

dr = rgaT/2 


in which B is the linear thermal expansion coefficient or 


y To = rBAT/(2 dt) 
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in which dt is the time for energy deposition. 


For the first tubes in HIBALL 


AT = Gnax/ PC, 
= 3.4°C/shot 
dt = 107° sec 
8 = 7.4 x 107°/%C 
r= 1.5 cm. 
Therefore, 
dr = 2 x 1077 cm 


v = 200 cm/sec . 


The pressure on the coolant tube caused by this sudden o 


can be calculated by 


an y 


d+ des 


in which p is the density of the material. 

The pressure calculated for the INPORT tubes is only 3 p 
acceptable. However, similar calculations show that under di 
tions, such as those in HYLIFE, (2) the sudden deposition of n 
have a large impact on the reactor design. This is caused by 


cient of expansion for lithium and a larger AT/shot due to thi 


tition rate. 








utward expansion 


si and is readily 
fferent condi- 

eutron energy can 
a large coeffi- 


> lower repe- 
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VI.7 Support Mechanism and Stress Considerations 





References for Section VI.6 





VI.7.1 General Description 





l. D.K. Sze, R.G. Clemmer and E.T. Cheng, "LiPb, A Novel Material for Fusion 
Applications", the Fourth Topical Meeting on the Technology of Controlled 


The SiC tubes are designed to be suspended from the top such that they 
Nuclear Fusion, King of Prussia, PA, Oct. 1980 


hang freely. They are attached to an upper support plate which also is the 
2. J. Maniscalco, et al., "A Laser Fusion Power Plant Based on a Fluid Wal] 


Reactor Concept", The Third Topical Meeting on the Technology of 


coolant distribution manifold. Restraint against lateral motion is provided 
Controlled Nuclear Fusion, May 1978, Santa Fe, NM. 


by a support plate on the bottom which also contains the flow control nozzles. 
The cylindrical blanket zone is divided into 30 modules, each subtended 
by 12° of cavity circumference. Each module consists of the upper distri- 
bution manifold and tube support plate, the tubes themselves and the bottom 
Support plate. Ten of the 30 modules fall in line with the cavity beam ports. 
These modules will have beam tubes built in as part of the units. 
The first two rows which are 4 cm apart consist of tubes which are 3 cm 


in diameter spaced at ~ 5.1 cm center to center. There are 41 such tubes in 








each module. The remaining tubes which are 10 cm in diameter follow behind. 
These tubes are arranged on a 12.5 cm triangular pitch in between support 
struts as shown in Fig. VI.7-i. There are 102 such tubes in each module. 
Several schemes for attaching the tubes to the upper support plate were 
considered, two of which are shown in Fig. VI.7-2(a) and Fig. VI.7-2(b). In 
Fig. VI.7-2(a) a bead is woven into the tube at the end. This bead is then 
captured between a threaded conical flange and the upper plate. Figure 









VI.7-2(b) shows several plies of the braided fabric encircling a conical 





restraining ring. The tube is simply inserted from the top through the hole 
and is held in place by the conical ring. 


The upper tube support plate is welded to struts which anchor into the 40 






cm thick reflector wall. The sections at the end of each strut slide into 














milled slots in the reflector. Pulling up on the upper manifold which is part 









of the tube support plate disengages the module from the reflector. This 





VI.7-2 


























Distribution of INPORT tubes between support struts. 


















Fig. VI.2-1 
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Two methods for attaching INPORT tubes. 
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attachment scheme is needed for maintaining the blanket modules and will be 
discussed in á later section. 


VI.7.2 INPORT Tube Stresses 





The stresses in the SiC tubes can be divided into two parts, the longi- 
tudinal and the circumferential stresses. Circumferential stresses are from 
the pressure of the coolant and vary linearly from the top to the bottom as a 
function of the supported head. The longitudinal stresses consist of two 
components, the pressure component and the dead weight (weight of the coolant) 
component. The former component is small at the top and builds up linearly to 
the bottom while the latter component is maximum at the top and falls off 
linearly to zero at the bottom. 

A reliable vaiue for allowable stress is not known for braided SiC tube 
construction. However, estimates can be made based on experience with other 
composite materials. Various sources give SiC fiber strength of 2450-3720 MPa 
(355-540 ksi). Strength depends on fiber diameter and when braided into a 
tube, the fiber strength is reduced substantially. Experience with graphite 
material systems indicates that the strength for orthogonal layup could be 
~ 276 MPa (40 ksi) considering each principal stress individually. Ceramic 
materials typically have a wide variation in strength due to their extreme 
sensitivity to minute flaws. Because of this sensitivity a safety factor of 
two was taken and thus the maximum allowable stress is 139 MPa (20 ksi). 

In this design the wall thickness for the 10 cm diameter tubes is 2.25 mm 
and in the 3 cm diameter tubes it is 0.9 mm. This means that there will be 5 
plies and 2 plies in the 10 cm and 3 cm diameter tubes resrectively (the 
thickness per ply is 0.45 mm). The fibers in the orthogonal layup are ori- 
ented at 45° anu cover 50% of the available surface area. The fibers them- 


selves are made up of filaments with a density factor of 75%. 


- — — 
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In calculating the stresses, it wes assumed that the incoming coolant had 
an initial presure of 0.1 MPa (~ 15 psi). At the bottom of the tubes the 
added head produces a pressure of 1.04 MPa (150 psi). The masses supported by 
the tubes are 700 kg and 61.3 kg for the 10 cm and 3 cm diameter tubes, re- 
spectively. Stress distribution as a function of tube distance from the top 
is given in Fig. VI.7-3 and Fig. VI.7-4 and numerically in Table VI.7-1. The 
principal circumferential and longitudinal stresses are amplified by a factor 
of 1.4 because of the 45” orientation of the fibers in the orthogonal layup. 

The total stress represents the sum of all the stress components. It can 
be seen that the maximum stress occurs at the bottom of the tubes and is 130 
MPa (18.9 ksi) for the 10 cm tubes and 97 MPa (14 ksi) for the 3 cm tubes. 

The thickness of the wall in the front (3 cm) tubes is dictated by thermal 
hydraulic considerations. The 25% lower stress in these tubes is desirable 
because they will be subjected to impact loading from their reaction to the 
target implosion, as discussed in section VI.2. 


Table VI.7-1 





Stresses in INPORT (SiC) Tubes 











Stress TOP (MPa) BOTTOM (MPa) 
10 cm 3 cm 10 cm 3 cm 

Longitudinal 
(Dead Weight) 36.2 26.2 0 0 
Longitudinal 
(Pressure) 4.17 3.1 43.4 32.3 
Circumferential 
(Pressure) 8.34 6.22 86.8 64.7 
TOTAL (MPa) 48.71 35.52 130.2 97.0 

(psi) (7 ,060) (5,147) (18,870) (14,060) 
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Fig. VI.2-3 Stresses in 10 cm diameter INPORT tubes. 








Fig. VI.2-8 Stresses in 3 cm diameter INPORT tubes . 











VI.7.3 Tube Support 








The tube support scheme has 
a) Analysis of the upper si 
b) Analysis of the support 
Figure VI.7-5 shows a top v 
structure. It consists of an up 
simplicity) and struts which ter 
fit into slots milled in the cav 
tubes and bottom plate can be ta 
disengage the tee sections from ' 
passages such that Li,7Pbg3 will 
struts, the coolant then flows d 
It was decided to use four 
distribution between two struts 
the plate in Fig. V.7-6(b). The 
tistically indeterminate beam of 
loads. The stress in the plate 


where K is a stress concentratic 
is one-half of the plate thickne 
Using a maximum design stress of 
plate thickness of 3 cm. 
Similarly, the struts were 
cross section and a variable lo: 


the tubes is reacted by a moment 
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to be analyzed in two parts: 
ipport plate 


struts 


iew and a side view uf a single module support 


per plate (the holes have been omited for 
minate in a tee section. These tee sections 
ity reflector. Thus, a module with integral 
ken out by simply lifting on the assembly to 
the reflector. The struts will have cooling 
flow through them. After traversing the 
own the reflector side to the bottom pool. 
struts to support each module. The tube 
is shown in Fig. V.7-6(a) and the loading on 
upper support plate was modelled as a sta- 
varying cross-sections and concentrated 


is then: 


n factor taken as 2, M(x) the local moment, C 


ss and I(x) the local moment of inertia. 


70 MPa (10 ksi) for HT-9, we calculate a 


analyzed as cantilevered beams of varying 


ding as shown in Fig. VI.7-7. The weight of 


> on the tee sections and an upward force 
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i TUBE SUPPORT STRUCTURE 











iop view 




















side view 







Fig. VI.2-5 Top and side views of upper support plate. 
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exerted by the reflector. The stress. equation reduces to: 


23m? 


teff. n = 





Omax = 9 






where teff is the strut effective thickness, h the depth of the strut in the 





back, w the loading per unit length and L = 180 cm. Substituting values we 


PUTT 


get 









t Ê . 14,700 cm 


eff. 











00000000 





and for h = 70 cm, the effective thickness of the strut is 3 cm. The maximum | 













stress in the strut is at the point of attachment into the reflector. Table 








A 





eff VI./-2 summarizes the tube support parameters. 
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Summary of Tube Support Parameters 





+ 






Number of 3 cm tubes/module 41 






Number of 10 cm tubes/module 102 




















B * Fig. VI.2-7 Loading and reactions on Support strut rd m 
a . 

Max. allowable stress (MPa) 70 

Fig. VI.2-6 (a) Tube distribution between support struts. Number of struts/module 4 


(b) Loads on upper support plate. 





Effective strut thickness (cm) 








Strut depth in back (cm) 70 





Upper support plate thickness (cm) 
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VII Tritium 
VII.1 Introduction and Overview 





HIBALL is a heavy ion beam reactor composed of 4 chambers wh’ 
total power of 10,233 MW, and a net electrical output of 3768 MW, 
high energy Bit? ions on a cryogenic DT target. The cavity has a 
wall" design in which liquid metal flows down woven SiC INPORT tut 
“weeps” through the weaving, forming a layer of liquid on the tube 
The liquid metal chosen, Li,7Pbg3, protects the INPORT tubes from 
explosion and serves as the coolant and breeding material. This < 
describes the tritium systems of HIBALL -- the tritium pathways ar 
in Fig. VII.1-1 and the inventories in the various reactor compone 
given in Table VII.1-1. 

The reactor cavities are fueled with multilayer targets cont: 

T, which are fired at a rate of 5 sec”? per cavity. A one day fu 
consists of 2.8 kg D and 4.1 kg T. The fraction of fuel burned is 
1.9 kg/d of deuterium and 2.9 kg/d of tritium are handled by the e 
system. In addition, 2.8 kg/d of Do, used to propel the target, a 
of tritium bred by the Li,7Pbg3 will enter the exhaust processing 
details of how the targets will be manufactured are unspecified, b 
mendations are made on minimizing the tritium handling in target m 

The chamber exhaust is pumped by compound cryopumps with on-1 
2 hours and a tritium inventory of 0.37 kg. The pumps are regener 
heliun is released first, then the hydrogen isotopes are released 
the fuel cleanup unit. The purpose of the fuel cleanup unit (Trwy 
is to remove impurities from the hydrogen isotopes before sending 
cryogenic distillation unit. (The distillation system consists of 
(Tiny = 0.083) which separate the isotopes into an H stream which | 
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HIBALL Tritium Inventory 





Fuel cycle (kg): 
Cryopumps 
Fuel cleanup 
Isotopic separation 
Subtotal 
Blanket (kg): 
Li,7Pbg3 (cavity and reflector) 
SiC tubes 
Subtota! 
Target manufacture (kg): 
Storage (kg): 
Targets 
Uranium beds 
Subtotal 
TOTAL INVENTORY (kg) 
TOTAL ACTIVE INVENTORY (kg) 


LATT A 4A" 


0.37 
0.041 


0.083 


0.013 
0.012 


4.1 


0.494 


0.025 
4.1 


8.2 


12.819 
0.519 





A ee 


pure D> stream for the target injector, and a pure DT stream for the target 


factory and storage. 


In the blanket system a low solubility of 7 x 107 mppm T in alloy/ 
torr!/2 results in an inventory of 0.013 kg T in the Li,7Pbg3 (1.9 x 107 
kg). Tritium is bred at a rate of 4.4 x 1078 kg/sec and extracted from the 
reactor chamber by pumping at pressures less than or equal to the vapor 
pressure of tritium above the eutectic (1074 torr). The inventory in the 
silicon carbide tubes (1.6 x 10% kg) at 500°C is unknown, but has been 
approximated as 0.012 kg. Oniy very minimal amounts of silanes and hydro- 
carbons will form as the liquid metal protects the silicon carbide from 
interacting with hydrogen atoms. 

The liquid metal is circulated into the heat exchange cycle. The tritium 
pressure above the eutectic is 1074 torr, which causes a tritium containment 
problem in the steam cycle. The permeation of tritium through clean HT-9 re- 
sults in a loss of 33.3 g To/day to the steam cycle. Oxide coatings or other 
tritium barriers can be used to reduce the permeation by factors of 10 to 100. 
With a design goal to limit tritium losses to 10 Ci/day, the steam generator 


is designed with double walled tubes purged with an oxygen atmosphere. This 







provides a very effective barrier limiting losses to less than 1 Ci/day. the 


tritiated water from the sweep gas is condensed and eventually merged with the 


reactor exhaust for reprocessing. 
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VII.2 Fuel Cycle 














The HIBALL reactor is an inertial confinement fusion (ICF) device where 
the fusion reaction occurs by implosion of a cryogenic D-T target with 10 GeV 
Bit ion beams. There are four reactor cavities with 20 bismuth ion beam 
ports per cavity. The target yield is 400 MJ at a gain of 83, with a repe- 
tition rate of 5 sec”? per cavity and a total energy per fusion event of 17.6 
MeV. This results in a total thermal power of 10,232 MW, and a net electrical 
output of 3768 MW. The energy production in HIBALL ¡s about three times 
higher than the energy produced from previous laser driven ICF reactor de- 
signs. (1) The fractional burnup (fp) of the target is given by fp = Tp/ (Tp + 
Tp)» where T, is the amount of tritium burned per day and Tp ‘is the unburned 
tritiun fuel that must be pumped out of the chamber per day. In the HIBALL 
reactor the fractional burfup is 29% which is comparable to other ICF reactor 
systems (20-40%) . (1) At this point there has been no consideration of the 
possibility of misfirings. 

Each reaction chamber is equipped with a target injection system and 
cryopumps. Exhaust from regeneration of the cryopumps from the four chambers 
is combined and sent into the fuel cleanup and processing system. The daily 
D-T fueling and exhaust characteristics of HIBALL are given in Table VII.2-1. 


VII.2.1 Fueling 
The HIBALL reactor is fueled by injection of a cryogenic DT target. The 





target consists of three shells: the equimolar DT fuel, a Li-Pb ablator 
(Li:Pb mole ratio 18.1:1), and a lead outer shell as the high-Z component. 
The target composition is given in Fig. VII.2-1. The targets are injected at 
a velocity of 200 m/sec with a target injection gun (section 111.5) that also 
releases 1.6 mg of D, propulsion gas into the chamber per shot. The target is 


loaded into a plastic 2-piece carrier called a sabot. During injection, 
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PELLET COMPOSITION 



































; Weight | Atoms | Density Thickness 
Layer | Materials (mg) |x| 020 | g/cm? non 
3 Pb 288 8.34 11.3 0.245 
2 * 26 | 22 | 1.26 0.739 
Pb 41 1.2 
s -i 21 0.477 
| T 24 | as | © 
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Fig. VII.2-1 
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Table VII.2-1 Daily Fueling and Exhaust Characteristics” 











Deuter i um Tritium 
Fraction burned (%) 29 29 
Fuel injected (kg/d) 2.8 4.1 
Fuel burned (kg/d) 80 1.2 
Fuel exhaust pumped (kg/d) 
(from D-T reaction) 2.0 2.9 


"For all four reactor cavities 


the sabot is shed into a buffer cavity and does not enter the reactor. 





Deuterium propulsion gas in the buffer cavity which does not reach the | 
reaction chamber (139.4 mg/shot) will be recycled periodically with the 
hydrogen isotopes. 

The choice of lithium and lead for target materials is favorable because 
they are compatible with the Li,7Pbg3 liquid wall. Debris from the target 
shells will dissolve in the liquid wall. In Table VII.2-2 the change in 
blanket composition with time is shown. Since the ratio of Li:Pb in the tar- 
get is greater than in the eutectic (17:83 aton@), the ratio of Li:Pb in the 
blanket slowly increases with time. Therefore, quantities of lead will have 
to be added and properly mixed to maintain the eutectic composition. 

The target injecticn rate is 5 sec”! per cavity, requiring 4.32 x 10° 
targets/day, corresponding to 4.1 kg T/day and 2.8 kg D/day. The details of 
how the targets will be manufactured have not been developed at this time in 
the reactor study. However, the effects of target manufacture on the tritium 


inventory are discussed in section VII.2.6. 
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Table VII.2-2 Change in Li,7Pbg3 Composition with Time 








Mass Changes 
"Pb "Li “Li *Li | 
(target) (target) Li(m,a)T (total) 
A A O A 
1 shot 3.29 x 10% 2.65 x 10% 2.03 x 10 2.45 x 107? 
1 day 142 11.4 .877 10.5 
1 year 5.18 x 10% 4.16 x 103 - 320 3.84 x 10° 





Composition Changes 





Original 1 year | 
blanket _ operation 2 change | | i 
Mass Li (kg) 3.26 x 10% 3.64 x 104 11.8 | 
Mass Pb (kg) 4.74 x 10% 4.79 x 108 1.09 | 
Ratio Li:Pb 0.205 0.278 
Formula Li 17Pbg3 (Liig. 9735) 


VII.2.2 Exhaust 





Each fusion event will cause a pressure rise in the chamber as Li-Pb 
debris is ablated from the walls and gases from the D-T reaction and unburned 
fuel are released. The major components present in the exhaust are given in 
Table VII.2-3. Between fusion events, the chamber must be pumped to at least 
1074 torr, as higher pressures will cause interference and scattering of the 
ion beams. The vaporized liquid metal will recondense on the liquid wall. 
Any Li-Pb vapor or debris that enters the vacuum or beam ports is assumed to 


condense on the cold duct surfaces and will not contaminate the cryopumps. 
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Table VII.2-3 Exhaust Gas Composition 





mg/shot kg/d‘@) 

Deuterium target unburned) 1.1 1.9 
Tritium target (unburned) 1.7 2.9 
Helium (DT fusion) 93 1.6 
Helium (breeder) 1.2 2.1 
Tritium (breeder) .87 1.5 
Li-Pb vapor(>) 0 0 

Do target injection 1.6 2.8 
TOTAL GASES 7.4 12.8 
TOTAL TRITIUM 2.57 4.4 





(a)a11 four cavities. 


(D)Lithium and tead vapor will condense on cold surfaces before reaching 


cryopumps. 


The amount of lithium and lead in the gas phase in the chamber that results 
from the equilibrium vapor pressure of lithium and lead above Li; 7Pbg3(2+3) is 
given in Table VII.2-4. The vapor pressure is less than the 1074 torr press- 
ure limit at the operating temperature. The bismuth from the ion beam, is 
similar to lead and will dissolve completely in the wetted wall and will not 
be emitted in the exhaust gas. The concentration of bismuth in the chamber 
with time is given in Table VII.2-5. After 20 years of operation the bismuth 


concentration in the liquid metal is still less than 1 wppm. 








Table VII.2-4 Vapor P 





Activity 
Pressure (pure) 


Pressure (above eutectic) 


Table VII.2-5 Bismutl 





Bi dis 

Time — 

1 shot 1 x 10 

1 day 4.3 x 

1 year 1.6 x 
10 years 1.6 
20 years 3.2 








essure Of Li;7Pbe2 at 500°C 


Li 
1.3 x 1074 
2.86 x 1073 
3.7 x 107? 


Concentration in Li, Pb, 


sol ved 


wppm Bi in 
Li,yP 

2.1 x 10710 
9.0 x 107° 
0.033 

0.33 

0.66 


Pb 
0.81 
1.69 x 1075 
1.4 x 107° 
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VIII.2.3 Cryopumps 


The reactor chambers are pumped with compound cryopumps, capable of pump- 


ing both the hydrogen isotopes and helium at the high volumetric flow rates 
required. The separation of hydrogen isotopes from helium on the cryosorption 
panels is extremely sharp. (4) By controlled heating, the helium panel is 
regenerated first, then the hydrogen isotopes are removed and sent to the fuel 


cleanup unit. The on-line time for the pumps is two hours and the tritium in- 


ventory in the pumps is 0.37 kg. 


VII.2.4 Fuel Cleanup 


The exhaust from the -ryopumps enters the fuel cleanup unit where hydro- 
gen isotopes are separated from hydrocarbons, water, ammonia or any other 
impurities. The fuel cleanup unit is patterned after the Tritium Systems Test 
Assembly (TSTA) designs. (9) Impurities are first absorbed onto molecular 
Sieve beds at 75°K while hydrogen isotopes flow into the distillation unit. 
These impurities are then recovered from the sieves and catalytically oxidized 
to form tritiated water and tritium free compounds. The tritiated water is 
condensed and electrolyzed to recover the tritium. For a 500 mole T flow rate 
TSTA has estimated an inventory in the fuel cleanup unit of 14 g. (6) In 
HIBALL the exhaust contains 1467 moles T/day giving an inventory of 41 g. 
VII.2.5 Isotopic Separation Unit 

Hydrogen isotopes from the fuel cleanup unit enter the crogenic distil- 
lation system in the mole ratio 12 H:2350 D:146/ T. (A stream of the 
deuterium from the target injection gun that does not enter the cavity wil! 
also be purified.) The goals of the separation System are to separate and 
vent hydrogen, to form a purified D-T stream for the target manufacturing 


System and storage, and to form a pure D> stream for the target injection 
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system. The separation scheme, patterned from the literature (6>7) is shown in 
Fig. VII.2-2. The inventory in the separation system is estimated as 83.4 g. 


VII.2.6 Tritium Considerations in Target Manufacture 





The details of the target manufacturing system have not been addressed at 
this time, thus the tritium inventory in the target manufacturing process and - 
the inventory that must be kept in storage as targets to insure production in 
case of a malfunction are unknown. This inventory will be dependent on: 

(1) the number of targets produced per day; 

(2) the time required to make a day's quantity of targets; 

(3) the process used - batch or continuous; and 

(4) the amount of tritium that must enter the recycling system due to re- 
jection of targets that do not conform to specifications. 

The fusion targets for HIBALL must be produced economically at a rate of 
4.32 x 10°/day. Three possible pathways for target production are outlined ir 
Fig. VII.2-3. After selected steps in the manufacturing process, the product 
is examined to insure it meets certain specifications, (8) and at this point a 
number of targets will be rejected. If the rejected targets contain D-T, the 
fuel must be recovered and reprocessed. To minimize the tritium handling, the 
filling of the targets with DT fuel should come as late in the manufacturing 
process as possible or at least following steps with large rejection rates. 

To minimize the tritium storage for the target manufacturing system, the 
time required to fill the targets with DT should be as short as possible. If 
the DT fuel is diffused into a hollow shell, the targets will be produced in a 
batch process and the fill-time will be dependent on the permeation rate of DT 


through the shell at temperatures below the shell melting point. In SOLASE ‘9) 







two target designs were examined. Plastic targets required a 1 day fill-time 


resulting in a one day fuel storage, while glass targets required a five day 
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HIBALL Isotope Separation Unit 


Flow Rates in g/d 
T = Tritium Inventory (g) 
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[POSSIBLE PELLET MANUFACTURING SCHEMES | 















STEP PROCESS TRITIUM RECYCLE? 
1 FORMATION OF Li-Pb SHELL NO 
2 DT FILL 
(a) BATCH GAS DIFFUSION YES 
(b) CONTINUOUS DRILL, FILL & SEAL YES 
3 Pb COATING YES 


4 CRYOGENIC PROCESS 





1 FORMATION OF CRYO. DT SHELL YES 
2 Li — Pb COATING YES 
3 Pb COATING YES 
1 FORMATION OF Li-Pb SHELL NO 
2 Pb COATING NO 
3 DT FILL 

(a) BATCH GAS DIFFUSION YES 


4 CRYOGENIC PROCESS 


Fig. VII.2-3 
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full-time and a five day inventory in storage. Therefore, | 
VII.2-3 is probably unreasonable because it would require di 
through two layers at fairly low temperatures (mp. Pb = 327° 
Lizg,1Pb ~ 450°C), resulting in a large storage inventory. 

While microdrilling of laser targets and parts has beer 
tried, (10) the filling and sealing process nas not been demo 
though the drill-and-fill process is continuous, requiring 1 
storage than batch processes, the high symmetry requirements 
would probably result in a high rejection rate of improperly 
a significant amount of tritium recycle and recovery. There 
option is proven to be practical, target production by diffu 
more reasonable. 

In Path I the first step is the preparation and analysi 
shell. Hollow glass and hydrogen shells have been prepared | 
stream of gas bubbles into a controlled jet producing unifon 
The DT is then diffused into the shell. The permeability of 
layer of Li-Pb is unknown, so the time to fill this shell an 
storage are unknown. The Li-Pb shell is then coated with le: 
four major processes that have been developed for producing n 
onto microspheres (12). magnetic sputtering, electroplating, 
plating, and chemical vapor pyrolysis. At present the sputte 
seems to have the most general applicability. After the coat 
initial cooling of the target freezes the DT non-uniformly. 
inner coating of fuel with a laser or heat pulse and quickly 
DT, a uniform layer can be produced. (13,14) 

Hendricks et al. proposed a process in which cryogenic s 


ported past sputtering guns which apply consecutive layers on 
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sion methods seems 


s of the ablation 
by introducing a 
n spheres. (11) 

DT through this 
i the required DT 
id. There are 
metallic coatings 
electroless 
ring technique 
‘ings are applied 
By vaporizing the 


refreezing the 


pheres are trans- 


to the sphere. (8) 






A cold helium gas jet (15) can be used to keep the targets frozen and levitate 
the targets as they pass the sputtering guns and quality control apparatus. 
This process is outlined in Path II. This method has the disadvantage of 
handling tritium throughout the process; however, there is no batch diffusion 
step requiring a large storage inventory. While the tritium reprocessing of 
imperfect D-T spheres wuld be minimal, the processing after the coatings are 
applied would require more sophistication. From a comparative standpoint, 
Path II is probably the superior method from tritium considerations, assuming 
the coatings can be applied to high standards requiring minimal tritium re- 
cycling. 

Until the details of the target manufacturing system are known it will be 
assumed that one day's fueling supply (4.1 kg) will be stored as cryogenic 
targets and another day's supply will be tied up in the target manufacturing 
system. 


VII.2.7__itorage 








The .torage requirements for HIBALL include a one day supply of targets 
to fuel the reactor (4.1 kg T) and a one day supply kept on uranium beds to 
feed into the target manufacturing system. (This storage inventory will 
depend on the target manufacturing process as discussed in the preceding 
section.) The storage inventory of 8.2 kg T, represents a large fraction of 


the total inventory. 
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VII.3 Blanket System 





The breeding material is the liquid lithium-lead eutectic, Li,7Pbg3 (.68 
Li:99.32 Pb wt%). This material flows through woven SiC fixtures at the top 
and woven SiC tubes at the sides of the reactor providing a protective coating 
on the SiC surfaces and forming a pool at the bottom of the reactor. The 
cavity reflector also contains Li,7Pbg3. The liquid alloy serves as the heat 
exchange material and is circulated through the steam cycle. The properties 
of the blanket system and the tritium extraction scheme are discussed in this 
section. 


VII.3.1 Solubility of Tritium in Liz7Pbgx 





In order to determine the tritium inventory in the breeding material and 
the method of extraction, the solubility of tritium in Li,7Pbg3 at the reactor 
temperatures (300-500°C) must be known. Ihle et al. (1) has determined the 
deuterium solubility in Li-Pb alloys at 677 and 767°C, much higher tempera- 
tures than the reactor conditions. In NUWMAK, (2) LigoPb3g was used as the 
breeding material, and a model was proposed for determining the solubility of 
hydrogen isotopes in lithium-lead alloys versus temperature. This model (3) 
assumes that the Sievert's constant for the solubility of tritium in the 
lithium-lead alloy (Ks(a110y)? is related to the Sievert's constant for 


tritium in pure lithium (Ks(Li)) by the expression: 


Ks (alloy) š KS (Li) * MLi(alloy) ° N i(alloy) i Ks (Li) °Li (alloy) 


where: aLi(alloy) 7 activity of lithium in lithium-lead 
YLi(alloy) * activity coefficient for lithium in lithium-lead 
NLi(alloy) = mole fraction of lithium in the alloy. 


The Sievert's constant for hydrogen isotopes in pure lithium(4-8) (Fig. 
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VII.3-1) and the activity of lithium in Tithiumlead(1»9-11) (Fig. VI1.3-2) 


are well-known quantities. 


The major assumptions in this model are: 


(1) The manner in which tritium dissolves in the alloy is by association with 


the lithium only. Any lead-tritium interaction is assumed to be negli- 

gible. This behavior is expected from periodic trends(12); lithium is 

capable of forming hydride bonds while lead-hydrogen interactions are 
weak. A comparison of the hydrogen solubility in lithium and lead to 
that in other metals, (425+14-16) (Fig. VII.3-3) shows that lithium has 
one of the highest hydrogen solubilities of any known metal while lead 
has one of the lowest hydrogen solubilities. 

(2) The manner ¡in which lead enters into the lead-lithiun-tritium equilibrium 
is to chemically bond the lithium making it less available to interact 
with the tritium. The degree to which the lithium is available for 
bonding is relcted to the activity coefficient for lithium in lithium 
lead. 

(3) The lithium activity is unaffected by ppm quantities of tritium. 

A plot of the theoretical solubility constant for deuterium in lithium- 
lead alloys is shown in Fig. VII.3-4. This figure also contains the experi- 
mental solubility data of Ihle et al. (1) and the data for deuterium solubility 
in pure lithiun(4»758) and hydrogen solubility in pure lead(13,17), (Note in 
Fig. VII.3-4 the data is plotted such that the Sievert's constant is directly 
proportional to the solubility, rather than inversely as in Ihle's paper. 
Also, there is no attempt to plot the theoretical solubility in regions where 


solid phases occur.) If the assumptions in the theoretical model are reason- 


able two important conclusions can be drawn: 
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Fig. VII.3-3 Comparison of solubilities of various metals. 
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(1) The theoretical model predict 
This behavior is expected fri 
that lithium dissolves hydro: 
hydrogen solubilities (such ¡ 
thermically. This probably | 
gory showing little temperat: 
observed in the work by Ihle 
any other metal or alloy syst 
dictions. 

(2) The theoretical model predict 
by Ihle et al. 

Preliminary experiments condt 
Laboratory indicate deuterium solt 
pendent and lower than both the dz 
dictions. The Sievert's constant 
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concentration of 7 x 1074 wppm in 
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VII.3.2 Tritium Breeding and Reco 





The breeding ratio of Li,7Pbe 
4.4 x 1076 kg T/sec in each chambe 
chamber) serves both as breeder an 
power cycle at a rate of 3.38 x 19 
7 x 107% "ppm, the flow rate of tr 
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In order to recover tritium at the breeding rate, 6.7% of the tritium 
must be extracted during each pass of Li,7Pbg3 through a chamber. The 
pressure of tritium above Li, 7Pbg3 is 1074 torr; therefore, the pressure that 
must be maintained in the reactor to allow the tritiim to be released from the 
liquid metal is less than or equal to 1074 torr. (19) The quantity of tritium 
that must be extracted is 7.4 x 1074 mole To/sec. This is a volumetric flow 
rate of 3.7 x 10° 2/sec at 700°K and 1074 torr. The high pumping rate neces- 
sary to remove the exhaust between shots, (~ 4 x 106 2/sec at 1074 torr and 


700°K) is sufficient to remove the tritium at the breeding rate and a separate 


— 


extraction unit will not be needed. The breeder and coolant characteristics 


il ge 
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are summarized in Table V{I.3-1. Although the diffusion of tritium in 
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Li,7Pbg3 is unknown, the high surface area of the flowing liquid metal in the 
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Table VII.3-1 Breeder and Coolant Characteristics 
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HYDROGEN SOLUBILITY IN SiC COMPARED 
TO OTHER METALS 
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VIT.3.3 Silicon Carbide Interactions with Hydrogen Isotopes 





The silicon carbide tubes are surrounded with the alloy containing 





7 x 1074 wppm tritium at 1074 torr and 900°C, resulting in some of the tritium ly 
dissolving into the silicon carbide reaching an equilibrium concentration. ⸗ 
Experiments on deuterium solubility in SiC at 1000 to 140¢°c (21) are shown in | -| * 


Fig. VII.3-5. The solubility is very temperature dependent; decreasing as the 










temperature increases. This dependence is thought to be due to chemical bond 











formaton between hydrogen atoms and the lattice atoms. The presence of Si-H 





and C-H bonds have been observed. (22) The pressure dependence on the solu- 
bility was determined to be to the 0.61 power, indicating that the hydrogen 


dissolves monatomically. It also can be observed that the temperature depend- 








ence differs substantially for vapor deposited g-SiC and powdered a-SiC. 








Due to the large exothermicity of the dissolving process, extrapolations | 





At 500°C and 1074 





to lower temperatures result in large tritium inventories. 





torr, the data for g-SiC extrapolates to 0.017 atoms D/atom Si or ~ 800 wppm. 





This seems quite unlikely. The last data point measured for g-SiC was at 





1000°C, resulting in 0.05 wppm for 1074 torr. It is impossible to predict 





where the solubility curve will begin to level off. It is also impossible to 






predict if the woven g-SiC will behave similarly to vapor deposited g-SiC. If 







it is assumed that the data can only be extrapolated for a few hundred degrees 











(to 800°C) before leveling off, for g-SiC a solubility of 0.76 wppm at 1074 
A =VAPOR DEPOSITED B-SiC 


_7| O =POWDER a-Sic 


torr is obtained. This results in an inventory of 0.012 kg T in 1.6 x 104 kg 
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Silicon carbide can react with hydrogen to produce hydrocarbons and 


silanes. The thermodynamics (29) for the interactions of hydrogen atoms and 
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hydrogen molecules with SiC are given in Table VII.3-2. Hydrogen molecule 
















reactions are unfavorable, while hydrogen atom reactions have negative free 





lo/T (ek) 


Fig. VII.3-5 
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energies. The SiC tubes are coated with a protecting layer of liquid metal 


which should absorb the hydrogen atom debris. Therefore, production of 


hydrocarbons and silanes should be minimal. 


Table VII.3-2 Thermodynamics for Hydrogen-Silicon Carbide Interactions 





Free Energy (kcal/mole) 





Ho Interactions 600°K 
a-SiC(s) + 2 Ho(g) + Si(s) + CHa(g) 10.45 
a-SiC(s) + 1/2 Ho(g) + Si(s) + 1/2 CoHo(g) 38.85 
a-SiC(s) + 2 Ho(g) + SiHa(9) + C(s) 35.41 


H Interactions 





a-SiC(s) + 4H(g) + Si(s) + CH4 (9) -168.9 
a-SiC(s) + 1 H(g) + Si(s) + 1/2 CoHo(g) - 6.00 


a-SiC(s) + 4 H(g) + SiHg(9) + C(s) -144.0 
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700°K 
12.70 
37.98 


37.51 


-161.5 
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- 136.7 
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-153.9 
- 5.11 
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VII.4 Tritium Containment Systems 








The active tritium inventory in the HIBALL reactor is 0.52 kg or 5.0 x 
106 Ci, with an additional inventory of 12.3 kg or 1.2 x 108 Ci in storage and 
target manufacture. Tritium is being processed at a rate of 4.4 x 10) Ci/day 
(2.9 x 107 Ci from the exhaust and 1.5 x 10% Ci from the breeder). The losses 
of tritium to the environment must be limited to ~ 10 Ci/day. Using contain- 
ment schemes similar to those found in the TSTA'!) design and in a previous 
reactor design, (2) losses are expected to be less than 10 Ci/day. 


VII.4.1 Permeability of Tritium into Steam Cycle” 





The primary containment problem which is the most difficult to control is 
the permeation of tritium from the Li,7Pbg3 breeder/coolant through the walls 
of the steam generator. Once in the steam cycle the tritium is generally con- 
sidered lost to the environment because the tritium exchanges with protium 
forming HTO. Separation of HTO from the bulk of the steam is technically 
difficult and expensive. (3) 

The steam generator composition is HT-9. Permeation data for HT-9 and 
chromium ferritic steels has been reviewed in WITAMIR . (2) By assuming that, 
Permeability = Solubility x Diffusivity, and comparing the available data, the 
"best fit" line in the WITAMIR study resulted in a tritium permeation through 


clean HT-9 of: 


3 
- 1.8 x 10% exp (= 11100) 





p 





For HIBALL: 


Tube thickness = 1 mm Pressure above coolant = 1074 torr 





“Based on WITAMIR (2) steam cycle. The steam generator system has not been 
designed in HIBALL-I. 
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Temperature range = 315-490°C 


Area = 5.2 x 104 me 


In order to calculate the total loss to the steam cycle, the area of the 
tubing is assumed to have a linear relationship with temperature, and the 
permeation, in units of g T> = dal. me, is plotted against area (mê) as seen 
in Fig. VII.4-1. The area under the curve represents the total loss of triti- 
um through clean HT-9; this is a permeation rate of 33 g To/day. Losses of 
this magnitude are unacceptable and must be minimized. 

One factor that will reduce the permeability is the fact that the liquid 
metal side of the steam tubing will have clean surfaces, while the steam side 
will form an oxide layer. In situ formed oxide coatings are effective in 
reducing tritium permeability(4) as shown in Table VII.4-1. For ferritic | 


steels at 660°C, permeabilities are reduced by factors of 100 or more due to 





the oxide coating. At lower temepratures (315-490°C) the ability to maintain | 
| 


— — 


an effective oxide coating decreases. (6) For HIBALL the permeability tnrough 
HT-9 is assumed to be decreased by about a factor of 10 due to the oxide layer 
on the steam generator side of the tubing. 

Another method of achieving lower losses of tritium to the steam cycle 
include formation of a permeation resistant nickel-alumide layer(6) on the 
liquid metal side of the tubing. This is accomplished by addition of aluminum 
to the liquid-metal coolant, which forms an aluminum layer on nickel alloy 
surfaces, reducing the permeation by a factor greater than 100 for 304 SS at 
550°C. The HT-9 alloy, however, is low in nickel and thus would not be 
adaptable to this scheme. Using a different material in the steam cycle from 
the reactor material may cause enhanced corrosion through mass transfer mecha- 
nisms. 

Work has been done on the development of multilayered metal composites 


and impurity coated refractory metals as tritium barriers. (7) Reductions of a 
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factor of 50 have been demonstrated for stainless steel structures containing construction, with a purge gas containing a low partial pressure of 07 sweep- Table VII.4-2 Parameters in Steam System 
AT. , VIII Materials i i i 
an intermediate layer of Cu-Al-Fe alloy at 600°C. Metallic coatings with low ing the tubing gap. Although double-walled tubing is expensive and difficult Tritium diffusion to LiPb side 3.3 g/day Lie Materials froblems Inside R 
oa : : 103 7 VIII.1 I i 223 : | 
hydrgen permeability coefficients would also present a barrier to the tritium. to produce, (3) this concept provides an effective tritium containment scheme. Steam generator surface area 5.2 x 10% nf re phd een sarbide INPUT n 
Tritium diffusion rate 1.5 x 1010 atoms T/cm? sec The materials problems in HIBALL can be categorized according to v111.2.1.1 Environment 





At present, the HIBALL design will utilize an oxide coating barrier, however, The oxygen in the purge gas helps to maintain a good oxide layer and it also 




















































































































































À ý ' i ' 07 pressure in purge gas 1 torr ` : h i í 
future designs will try to employ more effective tritum barriers. convers tritium to HTO by combining it with the hydrogen that diffuses "Jato HTO pressure 0.1 torr p.acoment tn the reactor and material type as show tn outline fora, wate TT General 
| 7 ° 1. Inside Reactor Cavit 3 i i 
through the steamside. This significantly reduces the free tritium partial Temperature range 315-490°C P A A ds 
a. SiC 3 i 
pressure, and thus reduces the diffusion driving force to the steam side. — q = ry F y po t ás € 
i ' ' dl partial pressure in gap Y orr b. HT-9 Struct e i 
Table VII.4-1 Permeation Barrier Factors of Ferritic and Austenitic if the oxygen partial pressure in the purge gas is assumed to be 1 torr Total tritium loss to water 0.02 Ci/d on sidad 
Steels Produced by Steam Oxidation of the Downstream Side and the maximum HTO pressure allowed in the gap is 0.1 torr, then the volu- ii A A A 
+ sa. Lil * n Da HT-9 e 
Ferritic Ferritic Austenitic metric flow rate of the purge gas is 5.3 £/sec. The HT pressure in the Did de Struct ure a. NbTi Superconductor later) of 1 to 2 years, and a capac’ 
"y ý - 4 b. Pb Db Y ili time at temperature will be 6000 to 
Fe-2-1/4 Cr-1 Mo 35406 SS 316 about 10716 torr, resulting in ~ 1072 Ci/day loss to the steam generator. The References for Section VII.4 — 
| Ce Boron Carbide c. Electrical Insulati The stresses in the SiC tubes « 
— k i , parameters for the steam cycle are given in Table VII.4-2. | 1. R.V. Carlson and R.A. Jalbert, "Preliminary Analysis of the Safety and | lo e th à yà — 
t o 7 660 660 R i i | Environmental Impact of the Tritium System Test Assembly," Proceedings y tar the most severe problems occur in the SiC INPORT units and the HT-9 and amount to maximum static stresse 
Temperature (°C) 472 The HTO that is formed in the purge flow is condensed and sent to a fuel Tritium Techee] omy in Fission, Fusion and Isotropic Ape ications. Dayton, | — e | 
| i , > ` . “ > t | structure o e reflector region and i : 
Steam Pressure (atm) 2 0.94 0.94 cleanup unit where tritiated water is electrolyzed and hydrogen isotopes are á (1900) 247-302. r PP saad | : A | O ee ee 
— S l | y | The analysis of each of these materials will be made in th i | ing amount to less than 1 MPa. Fina 
ey ae ee then sent to the cryogenic distillation system for separation. 2. B. Badger et al., "WITAMIR-1 - A Tandem Mirror Reactor Study," University | — EERE : . 
. i i FDM-400, Chapter XI, (Dec. 1979). sequence: i 
are Reduced Secondary and tertiary containment schemes have not been addressed in de- pee ee eT ra y A € 
one , 3. A.B. Johnson, Jr. and T.J. Kabele, “Tritium Containment in Fusion Re- l. Environment v111.2.1.1.2 Radiation Environment 
0.33 d 10 13 tail at this time for HIBALL. However, the designs for containment in the . actors," Topical Meeting on Technology of Controlled Nuclear Fusion, a 7" ; 
: n i » Wash n t. 21, 1976, 1319-1328, CONF-760935. de ermal, Chemical, Stress It i d th 1 f 
l d 25 12 1.6 TSTA facility will be tested in the near future, providing essential infor- — O A A See 
6 0 44 . hiá 4. J.T. Bell, J.D. Redman and H.F. Bittner, "Tritium Permeability of b. Radiation entirely covered by a liquid PbaaLi 
d 5 0 1 2.8 mation to the fusion community on the aspects of tritium handling and contain- Structural Materials and Surface Effects on Permeation Rates," Proceedings i l Peat 
24 d 170 29] 3.8 — Tritium Technology in Fission, Fusion and Isotropic Applications, Dayton, 2. Comparison With Existing Data and Prediction of Expected Life in HIBALL consequences of "dry" spots will be 
: O, Apr - May I, > -800427, American Nuclear Society 
40 d 434 4.3 (1980), 48-53. Obviously, a great deal of extrapolation will be necessary to arrive at jected to neutron damage because the 
5. T.A. Renner and D.J. Rave, "Tritium Permeation Through Fe-2-1/4 Cr-1 Mo meaningful lifetime predictions. The readers should recognize that we are | be absorbed in the liquid film. 
Steam Generator Material," Nucl. Technol. 47, 312-319 (1979). l 
breaking new ground in this area and the results should be viewed accordingly. The neutron spectrum at the inn 






6. J.C. McGuire, "Hydrogen Permeation Resistant Layers for Liquid Metal Re- 
actors," Proceedings Tritium Technology in Fission, Fusion and Isotropic 


Applications, on, Unto, April - May 1, a - » American 
Nuclear Society (1980), 64-68. 


7. V.A. Maroni, E.H. Van Deventer, T.A. Renner, R.H. Pelto, and C.J. Wierdak, 
"Experimental Studies of Tritium Barrier Concepts for Fusion Reactors," 


Proceedings Radiation Effects and Tritium Technology for Fusion Reactors, 
atlinburg, Tennessee, October 1-3, 1975, CONF 75085 Vol. IV, 320-361. 


and the variation in displacement da 











VII.4.2 Containment in Steam Cycle 
VIII.2-2. Figure VIII.2-3 gives the 









Assuming a factor of 10 reduction in permeation due to the oxide coating 





throughout the Pbg3L117-SiC zone. T 





results in 3.3 g To/day lost to the steam cycle. In order to further reduce 





per FPY and it drops to 10 dpa per F 














this quantity, the tubes in the steam generator will have a double-walled 
Similarly, the peak helium and hydro 
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examined later. The SiC is mainly sub- 
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target debris and most of the X-rays will 
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mage rate in the SiC is given in Fig. | NEUTRON ENERGY (eV) 


transmutation rate into gaseous elements 
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he peak dpa rate in the SiC tubes is 118 
PY in the back (17th) row of INPORT units. 


gen production rate is 3705 and 1408 appm 
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Figure VIII.2-3 er FPY respectively and this drops to 4 a and 1.7 a er FPY respec- n bå fi i 
p p y p ppm ppm p p the formation of LizC,(s) as a corrosion product is given in Ta 


tively in the back row of tubes. 


Formation of lithium carbide from lithium interactions with sil 
HELIUM PRODUCTION IN SiC If the tubes become uncovered, for any reason, the SiC would be exposed | uidis | | ' 
not favorable, however, there is no thermodynamic data on form: 


INPORT TUBES to high intensity X-ray and particle debris fluxes. The X-ray flux (see 


or other silicides or higher carbides which may be responsible 





Chapter III) results in a 27.9 J cme exposure to the SiC spread over 10 ns. e 
T i ! ‘ f patibility at higher (~ 1100°K) temperatures. Extrapolating ti 


The target debris (see Chapter III) will impact on the unexposed surface with : da 
. ] i ‘ i for pure lithium and lead to the alloy system is difficult and 


l 111411 


an additional 6.6 J/cm flux spread over 10 microseconds. 


DISPLACEMENT DAMAGE IN SiC 
INPORT TUBES v111.2.1.2 Previous Experience with SiC in Environment Typical of HIBALL 


v111.2.1.2.1 Mechanical Properties 


mental work must be done. If it is assumed that the corrosive 
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only from lithium, then because of the low percentage of lithi' 





ds és -4 
(0.68 wt%) and the low activity of lithium in Li17Pbg3 (~ 10 





As shown in section VI.2, the strength of SiC is entirely adequate in the | | 
compatibility should fall in the fair to good range. 


300-500°C range. However, essentially nothing is known about the effect of 


























long term exposure to Pb or Li with respect to the tensile properties. 
a VIII.2.1.2.2 Chemi ibili iC wi i 
oLelele emical Compatibility of SiC with PbeoLi y 
u. r n | — Table VIII.2-1 Thermodynamic Formation of Lithium C 
> ~ An extensive literature search revealed only one experimental reference from Lithium and Various Ceramic Materials 
Q. = to the compatibility of SiC with Li. W.H. Cook(1) determined that after 100 mp 
u. Q. ree En 
— Q hours at 816°C, the corrosion resistance of SiC to Li was "bad". This parti- 600°K 
2 > Reaction 
o cular rating was given to a material which suffered any one of the following l -6.18 
u O | Li(1) + C(s) + 1/2 LioCo(s) F 
TT physical changes: i i 
Li(1) + a-SiC(s) + 1/2 LipCr(s) + Si(s) 9.76 
1) a depth of attack of more than 0.076 mm, 
Li(1) + g-SiC(s) + 1/2 LigCo(s) - Si(s) 10.13 
r 2) more than a 6% weight change, or i 
> j y Li(1) + BgC(s) + 1/2 LigCo(s) + 4 B(s) 2.89 
a 3) more than a 3% dimensional change. 
4 Li(1) + TiC(s) + 1/2 LigCo(s) + Ti(s) 36.13 
« Obviously the testing conditions are far more severe than HIBALL conditions, 
IO | | | l r , Li(1) + ZrC(s) + 1/2 LigCo(s) + Zr(s) 39.31 


but there is no reasonable way to extrapolate this experimenta] point to the 


i 


O 40 80 IZO 160 200 
300-500°C operating regime at this time; therefore, continued experimental 


DISTANCE INTO IN PORT TU BE BANK Iof 4 . . . a | research into this topic is strongly recommended for the HIBALL conditions. 


(cm) . o 40 80 120 160 200 In view of the lack of pertinent experimental data, we chose to investi- 
DISTANCE IN INPORT TUBE 8 gate the thermodynamics of Li interaction with SiC. Thermodynamic data(2) on 
(cm) 
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VIII.2.1.2.3 Radiation Effects on SiC 





ible VIII.2-1. 





VITI.2.1.2.3.1 Linear Length Changes in Irradiated SiC Figure VIII.2-4 





The amount of fission neutron irradiation data on SiC is very limited(3-§) Figure VIII.2-5 





icon carbide is Early work by Pricel3) revealed that the linear expansion of SiC satu- 


and, of course, there is no information on 14 MeV neutron effects at the 


ition of known rated at relatively low levels of irradiation (less than 3 x 1020 n/cm? which 


THE NEUTRON -INDUCED EXPANSION 
OF SILICON CARBIDE [AFTER | s0L 


versely proportional to temperature as indicated in Fig. VIII.2-4. Such PRICE 


present time. What data is available is entirely from solid SiC samples and 


` , 2 > > . < > 
for the incom- is ~ 0.3 dpa). Price found that this saturation level of expansion was in- ' Tirr£ 200 C 


+ ' there is no information on woven structures. However, there is some data on 
we information 































































i woven grahite fibers(7) which indicates successful operation up to ~ 10 dpa at 
more exper1- welt information would suggest that saturation levels of ~ 0.5% might be reason- a 
action occurs ° * pnt 
Traditional lifetime analyses for fusion reactor first walls cannot be T l l ] 40F ¿> 
m in the alloy Lat k by sheldon(4) + 22 2 n POLYCRYSTALLINE B P - 13- F O L- 
used for the woven SiC INPORT units. Dimensional changes (due to voids, a So o 5 x 10% n/cm* (~ 50 dpa) at 550°C also con- a SINGLE CRYSTALS (PRIMAX ET. AL.) D + i 
at 500°C) the firmed the saturation effect and projected that " "1; i 1.5 — si Pa 4 = / 
linear growth, etc.) can be easily accommodated, crack propagation has little projected that acceptable" linear expansion ar $ A v (PRAVDYUK ET. AL ) O 
a dl dd could be tolerated up to 100 dpa (- 1023 n/cm?). < SELF - BONDED B (THORNE ET. AL.) V 
meaning in a structure made up of thousands of individual strands, and thermal i sie a se ii aaa tl le “DENSE” SELF - BONDED POLYCRYSTAL $ å 
: bar ahi | ven more recent wor orelli et al.‘°/, Fig. 2-5, S that at Á * et 
| stress has little significance when the fibers are only microns in diameter. | d . e r — = x LO O — (DRAGON DATA) | pa y kas = : ml | 
| Ductility changes will be important and could give some indication of when the £ 200°C, the swelling saturated at roughly 3 to 4% by 10% n/cm* (~ 10 dpa). = * Bulk Lattice 
arbide | This corresponds to a linear expansion of ~ ery close to th Expansion Parameter 
7 | tubes (at least in the front rows) might begin to break apart under the peri- P P 1%, very o the data of z O 7 — 
Price (Fig. VIII.2-4). O V 
odic motion associated with the target debris. However, no meaningful > Í 
ep A” In summary, it appears that linear expansions of 0.5 to 1% might be ob- E a 0.5 
measurements of the ductility of irradiated fibers has been conducted as of : y a. í l 
700°K 800°K served after ~ 1 month of operation in HIBALL. After that ti igh & >< a a-sintered SIC (Carborundum) 
now. Ductility is notoriously sensitive to small amounts of He in metals, but p j b er that time, we might D w . l ds dl 
“a —* heli ffects in ceramics like C or SiC are far less documented. In fact, at expect very little additional expansion and therefore irradiation induced | O | 1 | | TR- O Reaction -bonded SIC (NC-430) 
elium effects ; b 
9.79 9.81 growth would not appear to be a life limiting feature. O 200 400 600 800 1000 1200 


high enough temperatures, helium is known to migrate out of carbon. (8) ' ' i 


! 
4 6 8 ‘10 2 
Fluence (n/m? x 10% E>/MeV) 


Swelling AVIV > vs. fluence for NC-430 SiC and 
sintered a-SiC. 





IRRADIATION TEMPERATURE, °C 


10.18 10.21 
3.04 3.19 


This conclusion is supported by studies at BNWL where graphite clothes 





What then, is a reasonable set of criteria by which to judge the lifetime 


2 . (7) 
of the SiC INPORT units? Because of the sparcity of data we will examine the were Irradiated to 4, 7, and 10 dpa at 470°C. The dimensional changes 


36.11 36.07 ranged from +33% to -27%, far in excess of those observed in SiC. Despite 


following information 


39.33 39.35 these large dimensional changes, the two-dimensional cloth remained essenti- 


HIBALL Limit 





ally unchanged. Such results give us more confidence in the ability of the 
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Linear Expansion < 10% 
SiC cloth structure to withstand neutron irradiation. 
Fracture Strength > 180 MPa 
VIII.2.1.2.3.2 Fracture Strength of Irradiated SiC 
Burnup of SiC < 1% 
There are two studies of significance in this area: one by Mathney et al 
in 197916) and the other by Corelli et a1.(5) in 1981. Both studies used a 
| B — 273 — | ; 
— 272 — VIII.3-6 i ; $ 








VIII.2-11 


material labelled NC-430 which is 88.5% SiC, silicon metal of 8-10%, and minor 
impurities such as Fe (0.4%), Al (0.1%), and Boron (0.005%). The initial 
fracture strength was 230 to 270 MPa. After irradiation up to ~ 1 dpa at 

< 200°C the fracture strength remained unchanged when tested at 1200°C (Fig. 
VIII.2-6). 

Irradiation of sintered a-SiC revealed much more sensitivity to irradi- 
ation. The fracture strengths of the a-SiC dropped to ~ 120 MPa at 1200°C 
after ~ 1 dpa damage at 200°C (Fig. VIII.2-7). 

In summary, low fluence (- 1 dpa) irradiation at < 200°C seems to have 
little effect on the fracture strength of NC-430 but it can reduce the 
fracture strength of a-SiC by a factor of 3. There is no higher fluence data 
on which to extrapolate to the 100 dpa level at this time. 

VIII.2.1.2.3.3 Effect on Thermal Conductivity 





It is well. known that neutron irradiation will reduce the thermal conduc- 
tivity of carbon and SiC. Recent work by Corelli et a1. (5) shows that the 
thermal conductivity is reduced by a factor of 3 in the first dpa of damage 
and seems to saturate at that level (Fig. VIII.2-8). Since the majority of 
the heat conduction in the INPORT units is done by the Pb-Li alloy, such a 
drastic change has little effect on the liquid surface temperature. There- 
fore, we do noí view such a degradation as a serious problem. 


VIII.2.1.2.3.4 Burnup of SiC Atoms 





The neutron spectral difference between fission and fusion systems is 
quite dramatic. For example, the damage rate per full power year in HIBALL is 
118 dpa/FPY. At a maximum neutron wall loading of ~ 5 MW/m on the tubes this 
translates into 24 dpa per MW- y/m. In a fission reactor the damage rate is 


~ 10 dpa per 102? n/cm (E > 0.1 MeV). 
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Figure VIII.2-6 
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Figure VIII.2-7 


a-$1C Carborundua Co. 


T = 1200*C 
(all edges chamfered) 


1.21102 n/cm? E> 1 Mev 








Mean fracture strength vs. fluence of sintered a-SiC 


at 1200 °C. 


| 4 f 


Fluence (n/cm? E>1MeV) 


VITI.2-14 — — 


Figure VIII.2-8 
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O RB-S1C (anncaled at 1200°C for 10 aia.) 
A SA-SIC (ennealed at 1200°C for 10 ais.) 


(J SA-S1C (unannealed) 





0.2 A 








a 4 ‘ 12 16 
Fluence, 110 n/m, (E>1MeV) 


Relative thermal conductivity, K/K_ (measured at T* 23 °C), 
vs. fluence for NC-430 SiC and sintered a-SiC. 








The production of helium is ~ 
~ 14 appm per 102? n/em in a fissi 
hydrogen is ~ 280 appm per MW- y /m? 
comparison of the appropriate value 
in Table VIII.2-2. 

From the information in Table 
SiC molecules lose one of its atoms 
thumb as to how much burnup can be 
reasonable. On this basis, we woul 
in the inner units. The burnup dro 
the limit is not reached for 10 FPY 


tubes never reaches the 1% limit in 


Table VIII.2-2 Comparison o 





Displacement damage 
dpa per MW- y / m? 
dpa per 1022 n/cmé (b) 
dpa/FPY 

Helium production 
appm He per MW- y / mé 
appm He per 1022 n/cm? (b) 
appm He/FPY 

Hydrogen production 
appm H per MW- y Amé 
appm H per 1022 n/em? (b) 
appm H/FPY 





(a) High flux beam reactor(°), 
(b) (E > 0.1 MeV). 
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740 appm He per MW-y/m” in HIBALL but only 
on reactor. Similarly the production of 
in HIBALL but ~ 11 appm per 10% n/cm?. A 


S for fission and fusion reactors is given 


VIII.2-2 we find that roughly 0.5% of the 
per FPY. While there is no firm rule of 
tolerated, we think the value of 1% is 


d limit the INPORT unit lifetime to 2 FPY 


ps off rapidly in the outer tubes such that 
in the 10th row and the last (17th) row of 


20 FPY's. 


f Radiation Damage Parameters in SiC 
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VIII.3 HIBALL Reflector Region 











VIII.3.1 HT-9 Structural Material 













VIII.3.1.1 General Environment 





The reflector is cooled by a Pb-Li alloy which ranges in temperature from 





300 to 500°C. The flow velocity is 1 m/s and the coolant pressure is 2 MPa. 





A relatively high vacuum (< 107° torr) normally exists on the chamber-side of 






the reflector region, but the first wall of the reflector region is periodic- 






ally covered with Pb vapor at 500°C or higher. The hydrogen partial pressure 






is 107% torr at 500°C. 






VIII.3.1.2 Radiation Environment for HT-9 









The two key measures of radiation damage, the displacement damage and 






amount of He produced per FPY are plotted in Fig. VIII.3-1 as a function of 






effective INPORT unit thickness. Because of the protection afforded by the 






inport units the maximum damage in the HT-9 side wall is 2.7 dpa per FPY and 






this drops by a factor of 100 over the 41 cm thickness (Fig. VII.3-2). Simi- 






larly, the maximum helium production is 0.4 appm He per FPY and this drops by 






a factor of 1000 across the reflector. The appm He/dpa ranges from 0.1 to 
0.02. 







The damage rate of the neutrons behind the INPORT units is given in Fig. 






VIII.3-3. The peak damage rate is 0.009 dpa per second and the damage rate 






Stays above 1073 dpa per second for ~ 5 microseconds and above 107° dpa sec”? 






for 10 microseconds. 











VIII.3.2 Previous Experiments Under HIBALL-Type Conditions 





VIII.3.2.1 Compatibility of HT-9 with Pb-Li Al loys 










As might be expected, there is no data concerning the PbgaLi17 eutectic 
alloy on HT-9 at temperatures of 350-500°C. There is a small amount of infor- 


mation on low alloy, high strength steels in pure lead(1-5), and some data on 
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Fig. VIII.3-1 Variation in damage parameters for HT-9 in the reflector 
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Figure VIII.3-2 


Spatial variation of radiation damage in HT-9 střucture of 


HIBALL reflector region. 
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Figure VIII.3-3 
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2-1/4 Cr-1 Mo alloys with a LiggPb, system at 500°C.(5) The only information 
on liquid metals and HT-9 is a recent study at ANL in pure lithium and lithium 
contaminated with nitrogen at 4g2°c. (7) 

Despite claims in earlier studies that low alloy steels were not em 
brittled by pure lead, recent results showed embrittlement could occur near 
the melting point of the lead (327°¢c) . (455) The embrittlement of the high 
strength 4100 series steels started at ~ 200°C and reached a maximum (lowest 
ductility) at ~ 320°C. Above ~ 370°C there was degradation in the ductility 
(see Fig. VIII.3-4). The addition of Sn increased the width of the embritt1- 
ing zone. 

At higher temperatures, 700°C, 2-1/4 Cr-1 Mo alloy suffered a severe at- 
tack after 300 hours of exposure to lead. (3) However, the addition of Ti to 
the Pb completely eliminated the corrosion under the same conditions. It has 
been known for a long time that the addition of Ti or Zr to Pb would inhibit 
corrosion by forming tightly adherring TiC and ZrC films on the steel surface. 

On the other end of the spectrum, a LiggPb, alloy was shown to attack 
Fe3C and MooC in the welded zones of a 2-1/4 Cr-1 Mo alloy at 500°C after 
exposure up to 1600 hours. Figure VIII.3-5, from the paper by Anderson et 
al. (4), Shows that the cementite and Mo»C are unstable with respect to Li 
below 500°C while the chromium carbides are stable over a wide range. 

Work at Harwe11(8) has shown that low alloy steels can be significantly 
decarborized by exposure to Li even at ~ 200°C. However, higher Cr containing 
steels such as 2-1/2 Cr-1 Mo, or the 9 Cr-1 Mo alloys showed much greater 
resistance. (9) Presumably, the higher Cr content of HT-9 would help to pro- 
tect that alloy from decarborization and hence embrittlement. 

A recent study by Chopra and smith (7) has shown that nitrogen can have a 
large effect on the fatigue life of HT-9 in flowing Li at 482°C. They found 
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Figure VIII.3-5 
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that in short term fatigue tests, where the nitrogen level was between 80 and 
130 ppm, the fatigue life in Li was the same as that obtained in Na. However, 
when the nitrogen level reached > 1000 ppm of nitrogen, there was a dramatic 
drop in the fatigue life (Fig. VIII.3-6) by as much as a factor of 5. This 
strongly suggests that close control of the nitrogen level of the HIBALL cool- 
ant will be necessary. 

In summary, it appears that pure lead can have an embrittling effect on 
low chromium containing steels between 200 and 329°C but operation above that 
temperature and below 700°C should be acceptable. Ti or Zr inhibitors can be 
added to the Pb-Li alloy to reduce the corrosion. The higher chromium content 


of the HT-9 jis also likely to help the weld zones to resist attack by the 
lithium. 


VIII.3.2.2 Radiation Effects to HT-9 





The response of HT-9 to neutron irradiation has been the Subject of 
intense investigation in the LMFBR program. It has been found (by scientists 
at General Atomic) that HT-9 is resistant to significant void production below 
100 dpa which is roughly equivalent to 40 FPY in HIBALL (see Fig. VIII.3-7). 
Similarly neutron damage to 5 dpa has been shown to have very little effect on 
the tensile properties and tensile ductility of the HT-9 alloy. However there 
is a modest upward shift in the ductile to brittle transition temperature 
(DBTT) of 100°C in 5 dpa (Fig. VIII.3-8). This DBTT shift seems to be satu- 
rated above 5 dpa and at 25 dpa it is still only ~ 100°C. Since the melting 
temperature of Pbg3Lij7 is 254°C, this is stil) 150°C above the DBTT. There- 
fore it appears that ferritic steel can last the lifetime of HIBALL without 
necessarily having to enter the brittle regime. 

The effect of high damage rates (Fig. VIII.3-3) on the final damage state 


can only be a subject for speculation at this time. Theoretical analysis 
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Figure VIII.3-6 
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Figure VIII.3-/7 


Swelling of candidate CTR materials during neutron irradiation. 
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Figure VIII.3-8 

































Charpy-V energy values as a function of test temperature 

for HT-9 in the as-received condition, after 5000hr aging 

at 427°C, after 5000hr aging at 338°C, and after irradiation 

to a neutron fluence of 1.1 x 1022 n/cmê (E > 0.1 MeV) at 

an irradiation temperature of 419°C + 15°C in the EBR-I] 

reactor From F. Smidt and scientists at Naval Research Laboratory. 


VIII.3-12 —.. 


reveals that the high damage rates may promote such a high supersaturation of 
point defects that enhanced recombination will occur and lower the residual 
damage. However no experimental data on pulsed data exists at this time and 


we will have to wait for future clarification in test facilities. 
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